Nuclear magnetic resonance (NMR) imaging techniques have been applied to the observation of tissue sodium-23 in normal and ischemic canine myocardium. To produce a region of ischemia and infarction in the myo• cardium, in six dogs a coronary artery was subjected to 1 hour of surgical occlusion followed by 1 hour of re• perfusion. The dogs were then killed and sodium-23 NMR images of the excistd hearts were obtained using a high field NMR imaging system. These images were compared with tissue sodium contents measured by flame photom• etry. The regions of ischemic damage were clearly visible
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The advent of thrombolytic therapy has stimulated efforts to develop noninvasive methods to detect. localize and mea• sure areas of myocardial ischemic injury distal to coronary artery obstructions (1,2). Studies of animal models sub• jected to acute coronary artery occlusion (3) have indicated that in myocardium reperfused at I hour there are areas of necrotic myocytes, particularly in the subendocardium. that are interspersed with islands of viable but injured myocardial cells. Other investigations (4, 5) have indicated that the water content and sodium level are increased in the reperfused myocardial tissue. Although increases in interstitial fluid are observed in tissues subjected to the ischemic insult. sodium and water are also increased in the intracellular fluid of myocardial cells in that region (6, 7) . Studies in a variety of tissues (8) have indicated that increases in intracellular sodium content may parallel the degree of ischemic injury, reaching levels equivalent to that of the extracellular fluid as areas of increased sodium NMR signal on the three• dimensional images. A good correspondence was found between the relative intensity of the sodium signals and the sodium contents of normal myocardium and myo• cardium subjected to coronary artery occlusion and re• perfusion. The data suggest the feasibility of NMR so• dium imaging to detect the location and extent of myocardial damage in patients with coronary artery dis• ease.
(J Am Coil CardioI1986; 7:S73-9) when the cells are no longer viable, and returning toward normal when the damage is reversed. These studies have suggested that sequential measurements of intracellular so• dium content might be useful as a guide to the extent and reversibility of ischemic damage. Nuclear magnetic resonance (NMR) imaging of heart tissue has thus far been limited to protons (9) (10) (11) (12) . Sodium, however, is another tissue component that plays an impor• tant role in body electrolyte homeostasis and can be imaged using NMR. In comparison with the NMR signal from pro• tons, the signal from sodium-23 is very weak for two rea• sons. First, although sodium-23 is the only naturally abun• dant isotope, the NMR sensitivity of sodium is only 9.3% of that of protons for the same number of nuclei and mag• netic field strength. Second, and more important, the con• centration of sodium in the body is very low. Sodium in the intercellular space is approximately 150 mM, whereas the intracellular concentration is in the range of 10 to 12 mM compared with 70 to 100 M for protons. In addition, sodium has two distinct relaxation times, one of which is only a few milliseconds in duration. This affects the de• tectability of sodium in tissue using a normal spin echo NMR imaging sequence, because 60% of the intracellular sodium signal has decayed to zero before the data can be obtained. The overall sensitivity of sodium imaging, there• fore, is diminished by a factor of approximately 10,000 compared with the sensitivity of proton imaging. Never-0735-1097/86/$3 50 theless, Hilal and coworkers recently demonstrated that tis• sue sodium in the brain of animals (13) and humans (14) can be imaged in vivo using high magnetic field NMR imaging systems.
The present study was an investigation of the feasibility of visualizing sodium-23 in normal and ischemic tissue of the excised canine heart using an experimental animal NMR imaging system with a small bore (25 em) 3 tesla magnet. The objectives were I) to identify whether myocardium subjected to ischemic damage by I hour of coronary artery occlusion and subsequent reperfusion can be identified by sodium NMR imaging, and 2) to correlate the relative inten• sities of the sodium NMR signals with in vitro assays of the sodium content in normal and reperfused myocardial tissue.
Methods

Experimental induction of myocardial infarction.
Nine adult mongrel dogs weighing 20 to 28 kg were anes• thetized with sodium pentobarbital (30 mg/kg body weight), intubated and ventilated by a Harvard respirator with room air. The dissected right femoral artery was cannulated and used to monitor systemic blood pressure with a Statham pressure transducer (P23ID) wired to a Grass poly• graph recorder. The right femoral vein was cannulated and used to administer intravenous injections. After a load• ing dose of normal saline solution equal to 4% of body weight, a left lateral thoracotomy was performed at the fifth intercostal space. In six dogs, either the left anterior de• scending or the left circumflex artery was dissected and a ligature placed loosely around it. A bolus injection of lid• ocaine (1 mg/kg) was administered, and the vessel was occluded with the ligature. Three dogs underwent left an• terior descending artery occlusion, which produced anterior infarction, while three underwent circumflex artery ligation, which produced posterior infarction. The three remaining dogs served as control animals. After I hour of occlusion, another bolus injection of lidocaine was administered and the constricting ligature was released, reinstating blood flow to the affected area. After I hour of reperfusion, the dog was killed and the heart removed. The excised heart was rinsed and trimmed of extraneous fat and the chambers were filled with pieces of styrofoam to maintain shape while imaging was performed. The time between removal of each heart and the start of imaging ranged from 10 to 30 minutes.
Sodium-23 NMR imaging. The sodium NMR imaging of the excised hearts was performed using an imaging system developed at Columbia University and based on a 3 tesla superconducting magnet (lntermagnetics General Corpora• tion) that was operating at 2.7 tesla for all of the following results. The imaging region of the magnet is an oblate spher• oid with a diameter of 10 cm. The imaging apparatus has been described elsewhere (13) .
The NMR data were obtained using a three-dimensional Fourier imaging sequence (\5,16). Each data acquisition required a nonselective 90° and a 180° pulse to form a spin echo. Data collection of the spin echoes was performed in the presence of a readout gradient, which in this case was the axial (Z) gradient. The two transverse gradients (X and Y) were used to phase encode. Subsequent Fourier trans• formation of the NMR data yielded three-dimensional im• ages. Because the longitudinal relaxation time (T I ) of so• dium is short, repetition rates of 80 to 100 ms were used so that substantial signal averaging could be done to improve the signal to noise ratio. To further improve this ratio, an additional 180° pulse was applied and a second spin echo collected, the two spin echoes being summed coherently. The echo times used were 12 and 28 ms. At 2.7 tesla, the c0rresponding resonance frequency needed for sodium is 30 MHz. The data were acquired using 40 different dephasing gradients for both X and Y and with additional zero filling the final image size was made up to 64 x 64 x 64 points.
The images were displayed as a set of transverse cuts from apex to base, with a spatial resolution under these conditions of 3 mm and a -slice thickness of 5 mm. Each experiment lasted from 3 to 4 hours depending on the amount of signal averaging used. Tissue analysis. Because the NMR imaging device de• tects signals from sodium-23 in a voxel of tissue and because tissue water could change during the imaging process, so• dium was measured per unit dry weight. After imaging, each heart was positioned exactly as it had been in the magnet and was sliced from apex to base perpendicular to the long ax.is. From approximately 10 mm thick slices of the myocardium that corresponded visually to the NMR images, representative samples of myocardium (two from the distribution of the occluded artery and two from the distribution of an unoccluded vessel) were placed in poly• propylene tubes and dried at 105°C for 48 hours. ventricle. Figure 2 shQWS an enlarged transverse sodium image of a section midway between the apex and base of a normal dog heart. After imaging was completed, three 1 em pieces of tissue were removed from the transverse section of the excised heart that corresponded to the imaged section, The sodium content in the tissue samples ranged from 14 to 16 mEq/l 00 g dry weight.
Anterior myocardial infarction. Figure 3 shows the NMR sodium images obtained ffOm a dog subjected to left anterior descending artery occlusion followed by reperfu• sion. In this image, the sodium signal was significantly greater in tissue in the distribution of left anterior descending artery distal to the site of occlusion and reperfusion. Figure  4 compares a midventricular transverse slice with sodium measurements in the corresponding tissue section. In myo- Figure 2 . Transverse sodium image of a section midway between the apex and base of a normal dog heart. The tissue sodium content (mEqIlOO g dry weight) of the corresponding pathologic section is shown in the drawing at the right. 14 
16
cardial tissue distal to the site of the occlusion, the sodium content was found to be 21 compared with 16 mEq/ 100 g dry weight in the distribution of the circumflex coronary artery. Figures 5 and 6 show transverse slices from three-dimensional sodium NMR im• ages from dogs subjected to circumflex artery occlusion followed by reperfusion, The intensity of the NMR sodium signal from each canine heart was greatly increased in the myocardial tissue in posterior and lateral aspects of the myocardil:lm in the distribution of the occluded and reper• fused circumflex artery. Tissue sampling from the hearts (illustrated in Fig. 5 ) indicated that the sodium content of tissues in the distribution of the circumflex artery was higher than that in nonischemic tissue perfused by the unoccluded left anterior descending artery. In Figure 6 , the area of increased sodium signal and posterolateral ischemia was smaller than that of the heart shown in Figure 5 . Figure 7 shows the sodium image from a dog that had multiple ep• isodes of ventricular fibrillation during the hour of reper• fusion after circumflex artery occlusion. The sodium image of this heart showed intense sodium signals not only in the circumflex artery region but throughout the myocardium. The corresponding sodium assays showed marked increases in sodium content (range 36 to 64 mEq/lOO g dry weight) in all the samples of the heart tissues.
Posterior myocardial infarction.
Left anterior descending/circumflex artery ratio. In Figure 8 the ratios of the intensity of the sodium NMR signals in the left anterior descending and circumflex regions are plotted against the ratios of sodium content in these regions in the myocardial samples for all nine dogs (Table  1) . The relative NMR intensities, as measured from the images, corresponded well with the measured sodium con• tent of the tissues (Table 1) .
Discussion
The results of this study indicate that sodium can be visualized in myocardial tissue of excised canine hearts by nuclear magnetic resonance imaging using high intensity magnetic fields. Increased sodium NMR signals were de• tected in myocardial regions after 1 hour of coronary artery The data suggest the potential feasibility of NMR imaging of sodium to detect ischemic damage in the heart of patients with coronary artery disease. Relation of distribution and size of increased sodium signals and myocardial sodium content. The ability to detect sodium in tissue by NMR necessitates the use of high intensity magnetic fields, high sensitivity radiofrequency antennas, short spin echo times, substantial signal averaging and a lowering of the spatial resolution requirements from those of proton imaging. In the present study, areas of increased signal were detected in myocardial regions sup- Figure 5 . Transverse sodium image of a section midway between the apex and base of the heart of a dog with occlusion and reper• fusion of the left circumflex coronary artery. The tissue sodium content (mEq/IOO g dry weight) of the corresponding pathologic section is shown in the drawing at the right. tude have been observed previously in response to ischemic damage in studies of canine myocardium using a similar protocol. Although no attempt was made in this feasibility study to use phantoms to calibrate the sodium NMR signals in relation to absolute sodium content, it is of interest that the NMR signals were most intense in the ischemic heart with the highest tissue sodium content (Fig. 8) . Studies by other investigators (17) have indicated that the sodium con• tent of tissues can be measured quite accurately by NMR spectroscopy. Thus. it appears likely that it will be possible to measure regional tissue sodium noninvasively with some modifications of present NMR imaging approaches.
Role of ischemia. Studies in animals and isolated tissues have indicated that ischemia or hypoxia produces a depres-
March 1986:573-9 sion of cell membrane sodium-potassium adenosine tri• phosphatase activity as well as increased permeability of the ischemic cell membranes (4, 6, 8, 18, 19) . After total coro• nary artery occlusion in the dog, myocardial tissue blood flow decreases to various degrees in the distribution of the occluded artery; the level of residual perfusion is a function of collateral blood supply to the area. With reperfusion following coronary occlusion, there is a rapid increase in water and sodium in the interstitial fluid (6) . Diffusion of sodium and water from the interstitial space into ischemic cells, combined with a decrease in active sodium efflux across cell membranes, results in the changes in tissue elec• trolytes that are observed. Intracellular sodium content in• creases as the degree of ischemic damage intensifies and it approaches that of the extracellular fluid in cells that have been damaged irreversibly. As the metabolic integrity of ischemic cells (those that have not been irreversibly dam• aged) is regained after reperfusion, the abnormalities of cellular electrolyte composition induced by the insult return to normal. Conceivably, NMR imaging of intracellular so• dium may facilitate the noninvasive monitoring of not only the location of ischemic damage but also its intensity and reversibility.
Requirements for clinical application. In the present study, sodium in both the intracellular and the extracellular compartments of reperfused and normal myocardium of the excised hearts contributed to the signals observed in the NMR images. Because the intracellular sodium is likely to reflect the degree of ischemic damage more accurately than is total sodium, some modifications of the present sodium NMR imaging approach may need to be implemented to obtain useful measurements of ischemic damage in patients with heart disease. 1) Improvements in the signal to noise ratio are needed to decrease the time required to obtain the images. These include optimization of the pulse technique, improving the antennas and increasing the amount of spin magnetization by increasing the magnetic field. Images of sodium-23 in the human brain have recently been obtained with such approaches using a 1.5 tesla magnet in 34 minutes (14) . 2) Corrections may also be required to remove the sodium signal from intramyocardial blood. Alternatively, however, the motion of blood may actually diminish the sodium signals from blood and thereby highlight signals originating in myocardial tissue. 3) Shift reagents may need to be administered to separate the extracellular and intra• cellular sodium (20) . Several investigators (21, 22) recently used the complexing agent dysprosium tripolyphosphate to shift the resonance frequency of extracellular sodium in tissue samples, while leaving the resonance frequency of the intracellular sodium unchanged. Similar experiments have also been performed by others using isolated perfused rat hearts in which changes in the intracellular sodium signal were monitored by NMR spectroscopy (23) . The under• standing of relaxation time mechanisms of intracellular and extracellular sodium is still incomplete, and the potential of shift reagents to separate intracellular and extracellular com• ponents in cells with ischemic damage remains to be in• vestigated. If NMR shift reagents can be developed that can safely be administered to patients, it is possible that NMR imaging of intracellular sodium can be used to monitor regional alterations of myocardial tissue in response to isch• emia and reperfusion.
